At local scales, native species can resist invasion by feeding on and competing with would-be invasive species. However, this relationship tends to break down or reverse at larger scales. Here, we consider the role of native species as indirect facilitators of invasion and their potential role in this diversity-driven 'invasion paradox'. We coin the term 'native turncoats' to describe native facilitators of non-native species and identify eight ways they may indirectly facilitate species invasion. Some are commonly documented, while others, such as indirect interactions within competitive communities, are largely undocumented in an invasion context. Therefore, we use models to evaluate the likelihood that these competitive interactions influence invasions. We find that native turncoat effects increase with the number of resources and native species. Furthermore, our findings suggest the existence, abundance and effectiveness of native turncoats in a community could greatly influence invasion success at large scales.
Introduction
Understanding the mechanisms driving biological invasions is a fundamental goal of invasion ecology. Dozens of hypotheses have been developed to explain how some species are able to establish and spread [1, 2] . Some of these focus on the traits and movement of the would-be invader (e.g. novel weapons, propagule pressure); others on the characteristics of the invaded habitat and its residents (e.g. enemy release, increased resource availability, biotic resistance). Most hypotheses incorporate some consideration of the characteristics of both the would-be invader and the habitat (e.g. evolution of increased competitive ability) [1, 2] , and thereby implicitly consider species interactions as a vital component in understanding the success of invasive species.
Species interactions have long been recognized as playing a key role in determining species' range limits [3] . Resident natives can eat or compete with non-native species, forming 'biotic resistance' against invasion [3, 4] . A corollary to the idea that interactions with native species may prevent invasion is the idea that the absence of predators or other natural enemies improves the chances of invasion. The 'release' from enemies reduces mortality and allows the would-be invader to divert resources from defence to growth and reproduction [5] , thereby increasing its competitive advantage. Taken together, these two hypotheses suggest that direct, antagonistic interactions that reduce invader success should strengthen resistance to invasion, while the absence of these interactions should enhance invasion success.
Biodiverse communities that include many species of generalist predators capable of recognizing and successfully capturing newly arriving species, or that include a diversity of strong competitors, are thought to be particularly difficult to invade due to a preponderance of species negatively affecting non-native species [3] . This is supported by the common observation that species-depauperate communities are among the most easily invaded. Though both theory [6] [7] [8] and some empirical studies (e.g. [4, 9, 10] ) support the hypothesis that the likelihood of successful invasion decreases with increasing biodiversity, other studies [11, 12] suggest that the negative effect of biodiversity on invasion success can break down at larger scales, leading to positive relationships between biodiversity and invasion potential, a phenomenon known as the invasion paradox [13 -15] . The breakdown of the relationship between biodiversity and biotic resistance at larger scales is generally attributed to changes in spatial processes altering resource availability, reducing direct effects of resistance from competition at larger scales or increasing direct facilitation of non-native species (see [13] for review).
(a) Indirect interactions
While the positive direct effects of native species on nonnative species, such as pollination and beneficial habitat modification, are well documented and relatively easy to observe [16] , benefits that native species may provide to arriving non-natives through indirect channels are less documented and appreciated. From work outside of the invasive species literature, it is clear that indirect interactions, where the effect of one species (the donor) on another (the receiver) is passed through a third, intermediate species (the mediator or transmitter) [17] , are both exceedingly common and ecologically influential [18] . This use of the term donor is not to be confused with the donor region, which is often used to describe the location from which a non-native species has originated. Indirect interactions are also known to alter selection pressure under some circumstances [19] . For example, predators often indirectly benefit plants by eating herbivores [20 -22] , and flowering plants can indirectly benefit one another by providing additional resources to pollinators [23, 24] . Predators can, of course, also indirectly harm plants by consuming pollinators [25] . Therefore, the indirect effect initiated by the donor species can be either beneficial or harmful to the recipient, and may be difficult to detect if only some of the interacting species are included in a study. When the donor is a native species and the recipient is nonnative, indirect effects harmful to the non-native form a recognized component of biotic resistance. By contrast, indirect effects beneficial to a non-native recipient should promote successful invasion, an outcome that is less prevalent in the invasion literature than the reverse (i.e. effects of invaders on native communities). Moreover, as the number of species in a community increases, the number of these indirect interactions can increase dramatically, at a much faster rate than the number of direct interactions (figure 1), and thus may become important in determining biotic resistance or facilitation in species-rich communities. Here, we coin the term 'native turncoats' to describe native species that indirectly benefit non-native species by altering the abundance or behaviour of other native species.
Some positive indirect effects of native species on invasive species have been fairly well documented, including chains of mutualists and/or commensalists, trophic cascades and predators that eat a native competitor of a non-native species [26] . For example, native plants often maintain densities of mutualistic native pollinators or mycorrhizae that can in turn benefit non-native plants [27] . In addition, native predators or parasites often attack other native predators or competitors that would otherwise reduce the densities of non-native species [28, 29] . To further clarify the types of potential interactions, we have identified a total of eight possible pathways that may lead native species to indirectly benefit non-native species (table 1) . It is often difficult to distinguish between commensalism and mutualism, because the benefits that each receives may be context dependent. Therefore, we group mutualisms with commensalism resulting in benefits received by the native mediator and non-native species (i.e. here we are not concerned with effects on the donor species).
The competition chain occurs when one native species (the donor) competes strongly with another native species (the mediator) that would otherwise competitively resist the non-native species (table 1a) . For this type of interaction to have strong effects relative to direct competition, competition between the donor and non-native species must be weak, and this may occur when there is large niche overlap between the donor and the mediator and between the mediator and nonnative species, but low between the donor and non-native species (figure 2). Although examples of indirect interactions within competition chains involving invasive recipients are rare, they have often been identified in the plant and animal community assembly literature (e.g. [30 -32,34] Figure 1 . The number of direct and indirect species interaction pathways affecting a given species that include two and three species, respectively, for a saturated (all species competing) competitive community, as they scale with species richness. The number of species indirectly interacting with a focal species is ultimately limited by the number of other species in the community (n 2 1). However, the types of pathways also depend on the identity of species mediating this interaction, and can therefore be much more diverse. For a saturated community (all species interact with each other), the number of direct interaction pathways increase with species richness (n) as n 2 1, while indirect interaction pathways comprising three species increase as (n 2 1)! / (n 2 3)!. (Online version in colour.)
examples of indirect interactions significantly altering the fitness of specific non-native species. The authors used mathematical models to evaluate the effects of species interactions on fecundity of annual woodland plants and found that non-additive, higher-order (i.e. species interacting indirectly) interactions strongly influenced species performance. Similarly, recent theoretical analyses suggest these types of interactions can strongly influence species coexistence and diversity in competitive communities [40] , leading to calls for increased consideration of indirect interactions in ecological theory [41] . Indirect interactions are particularly strong in intransitive competition chains, which represent a special case of competition chain when there is no single dominant competitor, such that species A can outcompete species B, which can outcompete species C, which in turn outcompetes species A. Intransitive competition chains have most commonly been observed in microbial systems [42] with more limited and more mixed evidence for them in environmentally heterogeneous plant communities [43, 44] . That said, research on intransitivity in invaded systems is quite uncommon in all but microbial systems. Here, we consider the potential for indirect interactions to affect invasion success within competitive communities. These indirect interactions are very amenable to theoretical modelling due to the simplicity of competitive communities relative to other network types [45] . Therefore, we use theoretical models to evaluate the potential for these interactions to alter invasion processes. Table 1 . Description of possible indirect interactions between native (open symbols) and non-native species (solid circle) that result in a net facilitation of a non-native species. Species involved include the facilitator (star), mediator (square) and the non-native recipient (filled circle). þ and -indicate, respectively, positive and negative effects of one species on another in the direction of the arrow, with solid arrows indicating direct effects and dotted arrows indicating indirect effects. None identified from invasive species literature, but common in community assembly literature within native communities.
[ 30 -32] (b) Mutualism or commensalism chain: native species has a mutualism or commensalism with another native species that also has a mutualism or commensalism with a nonnative species.
Native plant (mediator) has a mutualism with soil biota that also benefits the non-native species. Native plant has a mutualism with a pollinator that also pollinates the non-native species. [27, 33] (c)
Trophic cascade: native species preys on or parasitizes a native species that preys on or parasitizes a non-native species.
Crabs feed on urchins, which in turn feed on a non-native ascidian.
[29]
(d) Predation or parasitism of a competitor: native species preys on or parasitizes a native species that competes with a non-native species.
Vertebrate herbivores consume native woody plants that compete with non-native understory plants. [28] (e) Competition with a predator or parasite: native species competes with a native species that preys on, or is hosted by, a non-native species.
We are not aware of any published examples. However, this is similar to the enemy of my enemy hypothesis [34, 35] .
(f) Prey (or host) of a commensalist or mutualist:
native species is prey or host for another native species that benefits a non-native species via mutualism or commensalism.
Beech trees host native scale insects that provide honeydew to invasive wasps.
[36]
(g) Mutualist or commensalist of a prey or host:
native species has a mutualism or commensalism with another native species that is prey or host for a non-native species.
Native nutcrackers disperse seeds of native white pines that serve as hosts of invasive fungal pathogens.
[37]
(h) Trait-mediated interaction Predator or parasite preys on or is hosted by a prey or host of an non-native species that indirectly improves a non-native species' attack rate.
Tuberculosis parasitism risk is higher for buffalo in Africa when they have been parasitized by nematodes, due to a weakened Th1 response.
[ 38] rspb.royalsocietypublishing.org Proc. R. Soc. B 285: 20171936
Theory of indirect, positive interactions is most developed for single guild competitive communities where all direct interactions are negative, and thus positive interactions are all indirect net effects of competition and easily distinguishable from direct effects [18] . The donor species in these cases are generally referred to as 'advantageous in a community context' to the receiver species to describe the competitive advantage gained by the receiver species due to the donor reducing the density of a key competitor [45, 46] . These types of interactions are more prevalent in communities where competitive interactions are generally strong, but highly variable among members of a community [45, 46] . It is still unclear, however, how community size or spatial scale alters the probability that species are advantageous in a community context, or how likely these interactions are to alter resistance to a would-be invader. Our model analyses evaluate the potential for positive indirect effects of native donors on non-native recipients. We focus on the identification of positive indirect effects because, as described above, they are identifiable in competitive communities, and because the number of indirect interactions increases with increasing diversity (figure 1). These indirect interactions may also be an as yet unacknowledged mechanism by which invasion can increase with species richness. We begin by using competition models to identify native turncoat species that indirectly benefit nonnatives. We also evaluate their influence on the relationship between biodiversity and biotic resistance, and in general, on the likelihood of species invasion. In our models, competition is determined by resource use patterns (as in [6, 47] ), allowing us to evaluate the effect of spatial scale and biodiversity on the presence of indirect interactions. We do not model spatial scale explicitly, but rather we model the number of resources available to the community, which we assume alters niche overlap and competition. This can also be viewed as equivalent to niche dimensionality. We focus on the increase in the number of resources with scale, as this has often been proposed as the basis for why biodiversity -invasibility relationships break down or reverse at large scales (see [13] for review).
To quantify indirect interactions, we construct a community interaction matrix and solve for the algebraic inverse of this matrix, often referred to as the 'inverse' method [48] [49] [50] . We use this method to measure the magnitude of direct competitive interactions and positive indirect interactions from particularly competitive and beneficial species, respectively, and evaluate the influence of removing each on invasion success. We do not focus on negative indirect interactions (i.e. indirect interactions containing 4, 6, 8, etc., species), due to difficulties in distinguishing them from direct interactions (which are also negative). We find that positive indirect effects provide a counteracting force against biotic resistance that becomes stronger at larger scales, implicitly altered by increasing niche dimensionality and species richness. Therefore, these positive indirect effects may help explain the invasion paradox: why the relationship between invasibility and biodiversity depends on scale.
Theoretical analysis (a) Model description
We use a Lotka-Volterra model to describe competition between n species, where the changes in abundance (N i ) of species i is determined by its growth rate (r i ), carrying capacity (K i ), the vector of competition coefficients acting on species i (a i ) and the vector of all the densities in the community (N). We can arrange the vectors of competition coefficients in a matrix A, where the element in the ith row and jth column represents the per capita effect of species j on species i and describe the changes in the vector of densities as
where D is an n by n matrix with diagonal elements r i N i /K i and zeroes for all off-diagonal elements, and K is the vector of carrying capacities. We assume each element of A is described by resource use overlap between two species for m resources, such that each competition coefficient (each element of A) is determined by the resource utilization overlap method [6, 47, 51] . Thus, to describe resource use patterns for n species and m resources, we use the resource utilization matrix U, an m Â n matrix containing elements u ik that describe the rate at which the ith species uses the kth resource. To define each element of U, we follow Byers & Noonburg [47] in drawing m random numbers from a uniform distribution between 0 and 1 for each species i, and add each number that is greater than a threshold value t to u ik , where the resource k assigned is drawn from a uniform distribution between 0 and m.
We consider two models that differ only in their value for t, which describes resource use limitation. We consider a model (termed RU fixed by Byers & Noonburg [47] ) inspired by species with limitations on the numbers of resources that can be used (i.e. more specialized species), where the number of resources used by each species is independent of m. We then relax these limitations to allow species to be more generalized in their resource use patterns, by increasing the average number of resources used by a given species, m u. The We set the vector K to determine positive equilibrium densities for all species, for our competition matrix A. Using this approach, there is an n-dimensional set of K vectors that will allow coexistence [52] , which can be found through linear programming (see electronic supplementary material). We used the midpoint of the feasible K space as our vector of carrying capacities (as in [47, 52] ). Once the competition matrix, A, and the vector of carrying capacities, K, was defined, the vector of equilibrium densities of the native competitors was defined as
As described in the above equation, the inverse community matrix A 21 translates the vector of competitor carrying capacities into the vector of equilibrium densities for the community. Therefore, this matrix can be used to describe the effects of changes in jth species equilibrium density, on the equilibrium density of the ith species [48 -50] . These effects include both direct and indirect effects, and because all the direct competitive effects are negative in sign, any positive values can be attributed to strong, positive indirect effects between species [45] .
(b) Simulations
We use the Lotka -Volterra modelling framework presented above to evaluate the ways variation in resource abundance and species richness alter resistance to non-native species via indirect pathways. We do this by using the inverted competition matrix including all species (including the non-native species) to identify 'native turncoats'. We vary the number of resources available to the competitor community, m and evaluate its effects on invasion success. To implicitly model changes in spatial scale, we assume that the number of species (n) increases linearly with the number of resources (m), such that n ¼ m 2 1. We also evaluate variation in either n or m individually, and present them in the electronic supplementary material. After assembling the native community as described above, we assigned resource use values, u ik , for a non-native species. We set Mu (mean number of resources used per species) to either 15 or 30 to describe species that are more specialized or generalized in their resource use patterns, respectively. We set the nonnative species' carrying capacity equal to 1, the midpoint of the carrying capacity vector K for the native community [47] . All intrinsic rates of increase r i were set to 0.5, although this term does not alter the final equilibrium densities (equation (2.3) ). For the simulations, we set the initial density for the non-native species to 0.0001 (0.01% of the single species carrying capacity) and the vector of native species densities to their equilibrium values in the absence of the non-native species (N*). We used the differential equation solver package desolve in R [53] to model the population dynamics of the invasion for 1000 time steps, which preliminary analyses suggested was sufficient to bring the system to equilibrium. We consider a successful invasion to have occurred when the equilibrium density is greater than the initial starting density, suggesting that the non-native has established and spread.
To evaluate how variation in combined changes in resource number and species richness alters patterns of indirect interactions, direct competitive interactions and invasion success, we simulated 1000 invasions at each number of resources ranging from 10 to 48 by increments of two, for each level of mean resources used per species, Mu ¼ 15 and 30, and varied species richness with the number of resources as described above. This approach implicitly evaluates one aspect of scale on the invasion process [14, 47] . The effects of separate variation in species richness and resource number on invasion success are presented in the electronic supplementary material. We evaluated the effects of scale on the magnitude of the positive indirect effects from the five native species most beneficial to the non-native species. We estimate the benefit of these species by calculating the mean of the five largest values in the inverted matrix row corresponding to the effects of native species on the non-native species. We took the log 10 of these values before calculating the mean to reduce the effects of particularly beneficial species, because unlike competition coefficients, they are not bound between zero and one. In the rare case where there were fewer than five species that indirectly benefited the non-native species, we considered only the species that were beneficial. Similarly, we evaluated the effects of scale (i.e. number of resources and species) on the mean competitive resistance to the non-native species from the five native species most detrimental to the non-native species.
To identify native turncoats, we consider indirect interactions within communities present at the beginning of the invasion, before any species have gone extinct. Because the inverted matrix approach depends on the species included in the analysis, it can either be considered within the full community, which is present at the initiation of the invasion, or the final community, which will reflect changes in community composition due to species extinction or invasion failure. While it would be interesting to also evaluate indirect interactions within the final community after accounting for compositional changes, evaluating indirect effects on the non-native species necessitates invasion success (i.e. the nonnative species must be present to interact with other species), and thus it is not possible to compare the interactions in this community for cases in which the invasion was not successful. Nonetheless, we find the inverted matrix approach to be useful for identifying particularly impactful native turncoats that influence the invasion process (see Results).
To evaluate the effects of the most influential turncoats and direct competitor species on invasion success, we conducted grouped simulations on the same community. In this case, we re-simulated after removing the most influential turncoats and direct competitors, as determined by the largest indirect positive effects and competition coefficients, respectively. We varied the proportion of the total species removed from 0 to 0.5 by increments of one species, and conducted these simulations on 1000 communities. We ran these analyses for each level of mean resources used per species, Mu ¼ 15 and 30.
Results
Invasion probability increased as the numbers of resources and species increased, and with increasing levels of relative rspb.royalsocietypublishing.org Proc. R. Soc. B 285: 20171936 specialization in species' resource use patterns (figure 3a), but declined when resource use patterns were more generalized (figure 3b). For more specialist competitors, the magnitude of competition from the top competitors on the non-native species declined as the number of resources increased (figure 3c), but for more generalist competitors the mean magnitude of direct competition was high across the spectrum of resource usage (figure 3d). In models describing each type of resource use pattern, we found that the positive per capita effects of the most influential native turncoat species increased with the number of resources and species ( figure 3e,f ) . The increase in the effects of native turncoats on the non-natives stems from increases in species richness more than resource availability per se (electronic supplementary material, figures A1 and A2), suggesting that it is the added network size and/or complexity that contributes to the relationship between indirect influence and spatial scale.
When competitors were relatively specialized in their resource use patterns (Mu ¼ 15) we found that native turncoat species indirectly facilitated invasive species by competing with the non-native species' main competitors. Indeed, removal of these native turncoat species reduced the probability of invasion (figure 4a), and the final density of the non-native species (figure 4c). These effects of species removals were stronger when the number of resources and species was higher (m ¼ 40, n ¼ 39 versus m ¼ 10, n ¼ 9) (figure 4a,c). By contrast, when competitors exhibited more generalized resource use patterns, we found that removing particularly important species (native turncoat or competitor species) only weakly affected invasion success and final 
Discussion
The current invasion literature suggests that native species can directly inhibit species invasions, an effect that is strongest at relatively small scales and when species richness is low [3, 13] . However, empirical evidence suggests there is an invasion paradox; that this relationship between species richness and biotic resistance to invasion breaks down or even reverses at larger scales, potentially due to variation in resource availability, or the inclusion of species that directly facilitate non-native species [12, 13] . Here, we modelled and simulated these findings, and by applying concepts and approaches taken from the coexistence literature to invasion ecology [46, 48] , find that positive indirect effects of competitors on potential invaders are more common in communities characterized by higher species richness and resource availability. Niche dimensionality generally increases with scale, and thus we expect increases in scale (from the small scale of experiments to large landscape or geographical scales) to be associated with invasion success mediated by native turncoats. Indeed, we found that native turncoats can strongly promote the success of a non-native species, suggesting that these indirect effects may contribute to the invasion paradox-that the negative relationship between species richness and biotic resistance breaks down at larger scales [13] . The idea that indirect interactions can strongly influence species coexistence has long been supported by evidence from experimental [18, 39] and theoretical [45, 54, 55] approaches, and here we build on this theory to suggest indirect interactions can also promote species invasions. We find that the effects of reducing biodiversity by removing particularly strong competitors are strongest when species are specialized in their resource use patterns. Similarly, indirect beneficial interactions are more likely to be common and impactful where there is greater variation in interaction strengths between species [46] , as is the case of communities composed of species with specialized resource use patterns. Thus, the effects of indirect interactions on species invasions at larger scales (i.e. greater numbers of resources and species) may be strongest between species that are more specialized in their resource use patterns. These results are consistent with the rich history of theoretical and empirical ecological research on resource use dynamics [47, 56] , but are an element of the ecological literature rarely discussed and not previously shown to be of importance in an invasion context. Increasing the number of resources and species can increase the strength of positive indirect interactions in two ways. First, as the number of resources and species increases, the variation among resource use patterns increases, leading to greater variation in direct interaction strength. This increased variance in interaction strength is generally correlated with a greater number of positive indirect interactions in competitive communities [45, 46] . In addition, as the number of species in a community increases, the number of indirect species interactions increases at a faster rate than the number of direct interactions ( figure 1) . Indeed, the number of negative indirect interactions also increases with species richness. However, as direct competitive interactions are always negative, communities influenced strongly by indirect interactions are expected to have more positive interactions than those dominated by direct interactions (or in which only direct interactions are studied). Thus, by random chance alone, strong indirect interactions are more likely to occur in more species-rich communities. Indirect interactions are expected to become more important at larger scales through increased variation in direct species interaction strengths (due to reduced niche overlap), and by the sheer number of indirect interactions.
In sum, our theoretical results and the empirical literature suggest that native species, termed native turncoats here, may commonly promote invasions by indirectly benefiting non-native species. Indirect interactions in competitive communities are strongest when the species involved are relatively specialized in their resource use patterns. We have identified a number of other types of indirect species interactions that have not been documented in the invasion literature. Although we have not evaluated the impacts of these other interaction types on invasions, the strong effects of indirect interactions within our model communities, paired with their absence in the literature, suggest that the absence of the other interaction types on invasion processes is likely to be due to a lack of studies looking for them, rather than reflecting a genuine ecological absence. In competitive communities, all direct interactions are negative, so any native species that is advantageous in a community context to the non-native species is a native turncoat. However, when evaluating interaction webs that contain positive and negative direct effects, it may be useful to compare the sign and magnitude of indirect and direct effects of each native species on the non-native species. This approach will aid in the identification of species changing their stripes and help identify native turncoats that encourage species invasion.
In reviewing the literature for this paper, many studies were found to be well designed to capture the full spectrum of indirect interactions even though they were rarely examined. In the future, our results suggest that taking the relatively simple step of looking for indirect interactions in studies of non-native species interactions with a native community would require little more than assessing the impacts on both native and non-native species rather than one or the other alone. Based on the results from our literature exploration and modelling exercise, it is clear that more empirical studies are needed that assess a wider range of interactions likely to be occurring among native residents and non-native species. While these studies are sometimes logistically difficult, when possible it would allow us to gain a full understanding of the mechanisms involved in invasion success. Furthermore, our results suggest that altering interactions within native communities to reduce the influence of native turncoats may represent a novel methodology for controlling invasion spread in the future. For example, it has been suggested that excluding native herbivores may enhance competitive resistance to invasive plants (e.g. [28] ). Identifying native turncoats in other ecological communities may provide similar paths to limiting species invasions. For such techniques to be fully developed, however, we need more studies documenting these types of interactions in natural systems. Finally, identifying the role of native turncoats may contribute to our understanding of the breakdown of the relationship between species richness and biotic resistance, and help fully explain the invasion paradox [13] .
Data accessibility. No empirical data were generated as part of this study.
Code for developing a vector of carrying capacities that allows coexistence of the native community is available in the electronic supplementary material.
